This work evaluated the effect of seed size and morphology on the development and biomass of durum wheat seedlings. Three different seed-grading sizes selected by sieving were used in glasshouse experiments, and a set of three developmental and 23 biomass-related indices were measured on eight genotypes, at two moisture levels. The influence of seed size on seedling development was studied at high and low temperatures (22\12 mC, and 15\5 mC day\night temperatures, respectively), in growth chambers.
INTRODUCTION
Durum wheat is an important winter cereal crop in the Mediterranean region, where drought stress is the main environmental constraint to grain yield. Rapid seedling establishment and early growth have been suggested as useful traits for improving yield under Mediterranean conditions (Acevedo et al. 1991 ; Lo! pez-Castan4 eda et al. 1996) . Thus, Turner & Nicolas (1987) showed a positive relationship between early vigour and grain yield for 22 bread-wheat genotypes. Moreover, genetic variability for early vigour has been demonstrated in temperate cereals other than durum wheat (Turner & Nicolas 1987 ; Richards 1987 Richards , 1996 Regan et al. 1992) . The positive influence of early vigour on yield potential has been attributed to reduced evaporation from the soil surface due to greater ground cover (Fischer 1981 ; Richards 1987) and to increased radiation interception (Ludlow & Muchow 1990) .
It is generally accepted that seed size may influence seedling emergence (Lafond & Baker 1986 ; Mian & * To whom all correspondence should be addressed. Email : conxita.royo!irta.es Nafziger 1994) and development (Bremner et al. 1963 ; Evans & Bhatt 1977) , and hence early vigour within a species (Evans & Bhatt 1977 ; Halloran & Pennell 1982 ; Lafond & Baker 1986 ; Peterson et al. 1989) . It has been reported that selecting for seedling vigour could be done in spring bread wheat by looking for greater seed mass, associated with a shorter emergence time and a faster rate of plant development (Lafond & Baker 1986) .
Most of the studies on the relationship between seed characteristics and early vigour have been performed by comparing different cereal species (such as barley and bread wheat) with a contrasting constitutive expression for these traits (Pinthus & Osher 1966 ; Halloran & Pennell 1982 ; Lo! pezCastan4 eda et al. 1996) . Thus, irrespective of their seed size, the greater early vigour of barley compared with bread and durum wheat, oat and triticale has been associated with its larger embryo, which results in more expanding cells after imbibition and more vigorous early root and shoot growth (Lo! pezCastan4 eda et al. 1996 ; Richards 1996) . However, this scenario is far less clear when the relationship is studied within a given species. Some authors conclude that the amount of endosperm and aleurone tissue is more important than the embryo in determining early vigour in bread wheat, since seed reserves are essential during germination and further seedling emergence (Bremner et al. 1963 ; Lowe & Ries 1973 ; Peterson et al. 1989) . This information, however, is lacking for durum wheat. On the other hand, developmental and growth traits (such as fast leaf-area development, high dry-matter production and high leaf-area), are usually considered together when the effect of seed size on early vigour is studied, since both traits are important contributors to early vigour. Studies concerning the relationship between seed size and developmental rates and seedling growth, considered independently, are scarce.
The aim of this study was to investigate the seed morphological and the seedling developmental and biomass traits most related to seed size. Glasshouse and growth chamber experiments were conducted on durum wheat genotypes from different origins within the Mediterranean region, and which were chosen to cover a wide range of genetic variability.
MATERIALS AND METHODS

Plant material
Eight durum wheat (Triticum turgidum L. var. durum) genotypes were used for the glasshouse experiments : four Spanish commercial varieties (Altar-Aos, Mexa, Vitro! n and Jabato), and four genotypes from the Eastern Mediterranean region bred in the CIMMYT\ ICARDA durum programme : two commercial varieties (Korifla and Omrabi-3) and two advanced lines (Sebah and Awaltbit). Altar-Aos, Vitro! n, Jabato and Sebah were used in the growth chamber experiment. All seeds were obtained from field-grown plants harvested the previous year.
Seed morphology
Seeds of each genotype were divided into three sizes according to the round-hole-diameters of the sieves used to separate them. The grading size (i.e. the diameter of the seed) of the three sets of seeds were 3n4-3n5 mm for large seeds, 2n2-2n5 mm for medium seeds, and 1n8-2 mm for small seeds. In this paper, the seed diameter is referred to as seed size. For morphological determinations, five seeds were taken at random from each genotype and grading-size, and fixed in a mixture (w\w) of 5 % pure acetic acid, 5 % neutral formic aldehyde (40 %, w\w) and 90 % ethanol (70 %, w\w). The seeds were cut with a freezing microtome on a plane approximately at right angles to the ventral furrow (dorsiventral) plane. The seed sections were stained with Lugol (5 % I # and 10 % KI w\w in distilled water) and digitized with a binocular microscope (Leica-MZ8) equipped with a video camera. For each seed section, the length of the major axis of the seed, the perimeter and the sectional area of the seed and the embryo, and the width and length of the embryo were determined with the aid of the Leica Qwin image-analysis programme.
Glasshouse experiments
Two sets of glasshouse experiments were performed simultaneously, each one under a different water regime. One was daily irrigation, to maintain the soil at field capacity or close to it, and the other consisted of irrigating every third day to simulate growth under limited water conditions. Each experiment comprised a randomized complete-block design with four replicate blocks, and with the 24 combinations of the eight genotypes and three seed sizes randomized within each block. The seeds were placed in trays of 15 square cells, each of 7n5 cm width and 8 cm height. The cells were filled with a sterilized, fertile, compost-based potting mix. Each experimental plot consisted of four cells containing a total number of 12 seeds (three seeds per cell), sown at a depth of 3 cm ; thus, each tray contained three plots of four cells and three unsown cells. Both experiments were conducted under a natural seasonal photoperiod (11-12 h daylight) and within a maximum day\night temperature of 25\15 mC.
Thermal time was calculated in growing degree-day units (GDD, mC) by adding the daily values of mean temperature above a base temperature of 0 mC (Gallagher 1979). The date of emergence was recorded when 90 % of the seedlings had emerged (Regan et al. 1992) . The Haun stage (Haun 1973) was determined twice a week for each treatment. The rate of development was measured by the following indices : thermal duration to plant emergence (GDD from planting to the appearance of the first leaf ), rate of first-leaf growth (mg\GDD, measured as the weight of the first leaf fully expanded\GDD from planting to the complete expansion of this leaf ), and rate of appearance of the first four leaves (number of leaves\GDD).
Biomass measurements were made when the least developed seedlings of each treatment reached four leaves (growth stage 14 ; Zadoks et al. 1974) . At this time, the most advanced seedlings within each treatment had five extended leaves. Number of leaves, stem length and area, and the length, width and area of each leaf in the main stem were recorded for each individual plant. Tillers were not separated and their mass was considered jointly in the plant mass. The projected area of leaves and stems were determined with an area meter (AT Delta-T). The plants were then oven-dried at 70 mC for 48 h before determining the dry mass of each individual leaf and of the stem.
Growth chamber experiments
The relationships between seed size and seedling development was also studied in growth chambers, at high and low temperatures (22\12 mC, and 15\5 mC day\night temperatures, respectively), with a photoperiod of 8 h. Photosynthetically active radiation (PAR) was 100 µmol\m#\s. Seeds of each genotype were divided into three grading sizes, according to their diameter : large (2n8-3n5 mm), medium (2n2-2n5 mm) and small (1n8-2n2 mm). The seeds were placed in trays of 28 square cells, each of 6n2 cm width and 6 cm height. One seed was sown in each cell at the same depth (3 cm), using the same potting mix as in the glasshouse experiment. Each experimental plot consisted of four cells. A randomized block design with three replicates was used for each temperature, with the 12 combinations of the four genotypes and three seed sizes randomized within replicate blocks within each growth chamber. All plots were well watered during the experiment, and the position of the trays in the growth chamber was periodically moved during the experiment to reduce any environmental effects on growth.
Thermal time was calculated as in the glasshouse experiment. The following variables were determined from data recorded every second day on each plant : thermal duration from sowing to plant emergence (GDD), thermal duration from plant emergence to the complete extension of the first leaf (GDD), and rate of leaf appearance for the first two leaves, and for the third and fourth leaves (number of leaves\GDD).
Statistical analyses
The data were analysed using conventional analysis of variance (ANOVA). F-values were the criteria used to assess which of the morphological, developmental and biomass traits were most affected by seed-grading size. Correlation and regression techniques were also used. All statistical analyses were carried out using standard SAS-STAT procedures (SAS Institute Inc. 1987) .
RESULTS
Relationship between seed size and seed morphology
Morphological characteristics were determined in seeds of the three grading sizes used in the glasshouse experiment. There were significant differences among the three seed-sizes for all the traits evaluated (Table  1) . F-values of the analyses of variance for seed and embryo areas were higher than the values for the other measured morphological characteristics (Table  1) , and this suggests that these traits were the ones most strongly affected by changing seed-grading size. The correlation coefficient between the area of the seed and the area of the embryo for the 24 data pairs arising from the 24 combinations between genotypes and grading sizes was strongly significant (r l 0n98, P 0n001).
Seedling development
The three growth rates used to measure the development of seedlings in the glasshouse depended on seed size and genotype. The thermal time from sowing to plant emergence decreased steadily and approximately linearly as the seed size increased (Table 2) . Similarly, the rate of first-leaf growth and the rate of appearance of the first four leaves increased steadily and approximately linearly as the seed size increased.
The F-values of the analysis of variance for the seed size effect were significant (P 0n001) for the three traits studied, the thermal duration to plant emergence, the rate of first-leaf growth and the mean rate of appearance of leaves 1 to 4. These results show that in the glasshouse experiments, the rate of first-leaf growth was the seedling developmental trait most affected by seed size (Table 2) .
Given the lack of true replication for water regime and temperature treatments, significance tests for the main effects of these treatments were not available. However, the simple treatment mean comparisons suggest that under daily irrigation the seeds took more time to germinate, and the rate of growth of the first leaf was lower than under irrigation every third day (Table 2) . Differences between genotypes were statistically significant for the three developmental traits studied. Sebah, Awalbit, Omrabi-3 and Korifla were the genotypes that emerged latest, and these had generally lower rates of growth of the first leaf and lower rate of appearance of the first four leaves than most of the genotypes that emerged earlier. The interaction genotypeiseed size was not significant for the thermal duration to plant emergence, but it was statistically significant for the mean rate of appearance of leaves 1 to 4 (P 0n01) and for the rate of first-leaf growth (P 0n05). However, it was a noncross-over interaction for both traits, since the two increased steadily with seed size in all genotypes, without changing the rank of seed sizes. Other interactions were not significant in most cases, and when significant they were non-cross-over interactions.
Results of the growth chamber experiments showed that temperature affected the development of the plant up until about the fourth-leaf stage (Table 3) . Germination and seedling development were accelerated at high temperature, regardless of seed size. A significant (P 0n05) non-cross-over interaction was observed between seed size and temperature for the rate of leaf appearance of the first two leaves, since the high temperature increased the differences between large and medium and small seeds in the rate of appearance of the first two leaves (data not shown).
Under growth chamber conditions, the time required for the emergence of the plants was similar for the three seed sizes considered, but the development of the first leaf took more time for small seeds than for medium or large seeds. The rate of leaf appearance of the first two leaves was significantly associated with seed size, whereas the rate of leaf appearance of leaves 3 and 4 was not (Table 3) . The relationship between seed size and morphology and the rate of development of the young plants was further studied by means of regression analysis. Under glasshouse conditions the three seedling developmental rates strongly depended on embryo size (Table  4) . However, under growth chamber conditions the percentage of variance explained by seed and embryo traits was much lower than it was in the glasshouse experiment, and no significant relationship was found for the thermal duration to plant emergence and the mean rate of leaf appearance of leaves 3 and 4.
Seedling biomass
The relative influence of the different sources of variation on the 23 biomass traits listed in Table 5 and evaluated in seedlings in the glasshouse was tested by means of analysis of variance (data not shown). The traits measured on the first four leaves were similar for both water regimes, except for the area of leaves Mean rate of appearance of leaves 1 to 4 y l 0n00583j0n0016iEmbryo width (0n00025) (0n00029) 0n58
Growth chamber (four genotypes) Thermal duration to plant emergence None -Thermal duration from plant emergence to the complete development of the first leaf
Mean rate of leaf appearance of leaves 1 and 2
Mean rate of leaf appearance of leaves 3 and 4
None -1 to 3, which was higher for irrigation every third day than for daily irrigation. However, this pattern was later reversed. Thus, the areas of leaves 5 and 6 were higher when irrigation was provided daily. In addition, dry mass of leaves 5 and 6 as well as length, areas and mass of the stem at this stage were higher under full irrigation conditions. Overall, the factor accounting for most of the variation was seed size, the effect of which was highly significant for all the traits measured (Table 5 ). Large seeds gave plants with a higher biomass than medium seeds which, in turn, gave plants with a higher biomass than small seeds. Correlation coefficients between seed mass and the seed morphological traits and the 23 biomass traits evaluated under glasshouse conditions were positive and significant in all cases (data not shown). Small seeds gave plants with shorter and narrower leaves and stems, and consequently with less leaf area and mass.
Sebah, Omrabi-3 and Awalbit had the widest first leaves within the range of seed sizes considered in this study (Table 6 ). The four genotypes included in the growth chamber experiment differed significantly only in the rate of appearance of the first two leaves (Table  3) . Genotypes differed significantly for most of the biomass traits analysed on individual leaves, but not for stem area and mass (data not shown) or for total plant mass (Table 6 ). Interactions between genotype and seed size were significant for many of the traits studied.
According to the F-values of the analyses of variance, the area of the first leaf was the biomass trait most strongly affected by seed-size (Table 5 ). The relationships between the embryo perimeter and the area of the first leaf and the seedling mass are shown in Fig. 1a and 1b respectively.
DISCUSSION
Relationship between seed size and seed morphology
A strong relationship was found between the size of the seed and all the morphological traits of the seed and the embryo considered in this study. Not only were the mass, length, sectional area and perimeter of the seed strongly positively related to the seed grading size, but also the length, width, area and perimeter of the embryo. The results of the statistical analysis indicated that the area of the seed and the area of the embryo were the seed traits more influenced by changing seed grading size. However, since the two variables were strongly correlated, it was not possible to separate their relative contribution to the development and growth of seedlings.
Seedling development
Germination took more time and the growth rate of the first leaf was lower under daily irrigation than under irrigation every third day. However, the rate of appearance of the first four leaves of the plant was greater when irrigation was provided daily. Two possible hypotheses may be argued to explain these results : lower soil temperatures and\or temporarily anaerobic conditions during germination and plant emergence could have occurred when irrigation was provided daily. These hypotheses are also supported by the observed effect of water status on the area of the first three leaves, which was higher under waterlimited conditions. However, daily irrigation was more favourable for the development of plant structures produced later, such as leaves 5 and 6 and stems, leading to heavier plants with greater leaf area.
The development of the first leaf and the mean rate of appearance of the first four leaves were strongly associated with seed size. However, when a two-phase development of seedling leaves was considered, and the rate of leaf appearance of the first two leaves was studied separately from the rate of appearance of the subsequent two, evidence was obtained of the association of seed size only with the development of the first two leaves, since thereafter seedling development rates were similar for all treatments, regardless of seed size. It is well known that until the complete expansion of the first two leaves of wheat, seedlings utilize seed reserves, whereas after this time the principal energy source is photosynthate from emerged leaves (Peterson et al. 1989) .
The results of the statistical analysis of the three developmental traits studied under glasshouse conditions showed that seed size affected the rate of growth of the first leaf more than the mean rate of appearance of leaves 1 to 4 or the thermal duration to plant emergence. This result supports the hypothesis that there is a large influence of environment on the duration of plant emergence (Kirby et al. 1985 ; Kirby & Perry 1987) .
Seedling biomass
Results on the effect of seed size on the biomass attained by seedlings support other studies that show a positive relationship between seed size and seedling growth in wheat and other cereals (Bremner et al. 1963 ; Bishnoi & Sapra 1975 ; Evans & Bhatt 1977 ; Halloran & Pennell 1982 ; Peterson et al. 1989) .
Among the 23 biomass traits studied the area of the first leaf was the most affected by seed size. In a previous study in bread wheat, Peterson et al. (1989) suggested a positive relationship between seed size and the growth of the first two leaves ; this relationship then had an influence on the growth of the subsequent leaves.
Genotypic differences
The eight genotypes used in the glasshouse experiment showed differences in early development. The genotypes Sebah, Awalbit and Omrabi-3 emerged later than the other genotypes and had lower values for the rate of growth of the first leaf and for the mean rate of leaf appearance of leaves 1 to 4. Nevertheless, they had the widest first leaves. Lafond & Baker (1986) also observed that the seeds that emerged most quickly led to plants that accumulated least dry matter, but in their study this effect was related to seeds of small size. Differences appeared between the four genotypes used in the growth chamber experiment for leaf biomass traits, but not for stem measured traits. Genetic variability for early vigour has been reported in other temperate cereals (Turner & Nicolas 1987 ; Richards 1987 Richards , 1996 Regan et al. 1992) .
CONCLUDING REMARKS
Our results demonstrate the important relationship existing between seed size and early growth and development of durum wheat. The rate of growth of the first leaf and the area of the first leaf were the developmental and growth traits respectively, most affected by changing seed-grading size. Among the seed morphological traits, the area of the seed and the area of the embryo were the most influenced by seed
